IL-1β is a central orchestrator of immunity against various classes of pathogens and a key trigger of inflammatory diseases. It is produced by activated macrophages as a proprotein, which is proteolytically processed to its active form by the cysteine protease caspase-1. Caspase-1 itself is synthesized as a zymogen and must be activated by autocatalytic cleavage. This activation involves recruitment of pro--caspase-1 into multiprotein complexes called inflammasomes, which are comprised of the adapter protein ASC and a NOD-like receptor (NLR), with the latter conferring specificity for microbial and endogenous products ([@bib28]).

The NLR family of cytosolic receptors responds to a variety of pathogens and endogenous danger signals ([@bib4]). For example, NLRC4 (also known as Ipaf) is required by cultured primary macrophages to activate caspase-1 after infection with *Salmonella* spp., *Pseudomonas aeruginosa*, *Listeria monocytogenes*, and *Legionella pneumophila.* NLRC4 is thought to recognize bacterial flagellin that is injected accidentally into the cytoplasm by bacterial virulence-associated secretion systems ([@bib2]; [@bib16]; [@bib34]; [@bib40]). Recently, it has been reported that NLRC4 also detects the rod subunit of certain type 3 secretion systems (T3SSs; [@bib35]), which explains how NLRC4 can detect nonflagellated bacteria such as *Shigella flexneri* and some strains of *P. aeruginosa* ([@bib43]; [@bib44]). In contrast to NLRC4, NLRP3 (also known as Nalp3) is activated by diverse molecules originating from viruses (Sendai, influenza, and adenoviral strains; [@bib23]; [@bib37]), fungi (*Candida albicans* and *Saccharomyces cerevisiae*; [@bib17]; [@bib19]), and bacteria (*Staphylococcus aureus*, *Neisseria gonorrhoeae*, and *L. monocytogenes*; [@bib30]; [@bib46]; [@bib10]). The precise signal that is detected by NLRP3 remains unclear. Common terminal signals appear to involve damage to membranes and/or changes in potassium levels ([@bib4]). Other NLRs include NLRP1, which is activated by anthrax lethal toxin, and Aim2, which appears to recognize double-stranded DNA in the cytoplasm ([@bib14]; [@bib20]).

Although several different inflammasomes have been described, the precise molecular structure and composition of inflammasomes remains largely unknown. In vitro studies with purified inflammasome components suggest that NLRs bind their ligands and oligomerize to form a platform for dimerization and autoproteolytic cleavage of pro--caspase-1 ([@bib12]). Under certain lysis conditions, inflammasome components can form structures between 500 and 700 kD in size ([@bib31]; [@bib21]). Overexpressed ASC also forms large aggregates ([@bib33]; [@bib41]; [@bib13]), although the physiological significance of these aggregates is unclear.

Caspase-1 is important for innate immune defense against many pathogens, but the contributions of specific NLRs to caspase-1 activation during animal infections are less clear. Previous in vivo studies indicated a role for NLRC4 in defense against *L*. *pneumophila* and *P*. *aeruginosa* but not *Salmonella* ([@bib2]; [@bib26]; [@bib43]). This last finding was surprising, given that NLRC4 was critical for caspase-1 activation by macrophages infected with *Salmonella* in culture ([@bib29]). Thus far, the only described roles for NLRP3 in vivo during microbial infections are in defense against *C. albicans*, *Plasmodium*, and influenza A virus infections ([@bib1]; [@bib9]; [@bib17]; [@bib19]; [@bib22]; [@bib42]; [@bib45]), whereas no role has been described in bacterial infections so far.

*Salmonella enterica* serovar *typhimurium* (*Stm*) is an intracellular Gram-negative bacterium that causes infections in human and animal hosts. After initial colonization of the gastrointestinal tract, *Stm* persists in tissue macrophages. *Salmonella* virulence requires two T3SSs encoded on *Salmonella* pathogenicity islands: SPI-1 and SPI-2. SPI-1 is necessary to invade epithelial cells in the gut, whereas SPI-2 is necessary for replication in macrophages ([@bib3]). Inflammasomes play an important role in innate immune defense against *Stm* because mice lacking caspase-1, IL-1β, or IL-18 succumb earlier to infection and have higher bacterial loads ([@bib39]). *Stm* expressing the SPI-1 T3SS induces caspase-1-- and NLRC4--dependent cell death and IL-1β processing in cultured macrophages. Because NLRC4 is not essential for *Stm* clearance in mice ([@bib26]), we investigated whether multiple NLRs respond to *Stm* infection in the whole animal.

RESULTS
=======

NLRP3 and NLRC4 recognize intracellular *Stm*
---------------------------------------------

Previous studies with *Stm* focused on the rapid SPI-1--dependent activation of caspase-1, which is important for host protective responses during the gastrointestinal phase of murine *Stm* infections ([@bib47]) and results in significant IL-1β production by macrophages infected in culture ([@bib29]; [Fig. S1 A](http://www.jem.org/cgi/content/full/jem.20100257/DC1)). It is known, however, that *Stm* also induces SPI-1--independent caspase-1 activation and IL-1β release between 17 and 20 h after infection ([@bib36]; Fig. S1 B). Thus, WT *Stm* grown to stationary phase (which results in decreased SPI-1 gene expression; [@bib27]) and an isogenic SPI-1 mutant *Stm* strain elicited similar amounts of IL-1β from cultured macrophages at 17 h after infection (Fig. S1 C). This SPI-1--independent release of IL-1β required caspase-1 because WT, but not *caspase-1^−/−^* macrophages, released mature IL-1β when infected with WT *Stm* ([Fig. 1 A](#fig1){ref-type="fig"} gray bars; and Fig. S1, B and D; unless stated otherwise, all experiments in this study used *Stm* not expressing SPI-1). The extent of IL-1β secretion correlated with processing of caspase-1 to its active form as determined by Western blotting for the caspase-1 p10 subunit in the culture supernatant ([Fig. 1 B](#fig1){ref-type="fig"}, top, first and second lane). Detection of caspase-1 processing is routinely performed on culture supernatants because active caspase-1 is released via a secretion pathway that has yet to be characterized ([@bib24]). WT and *caspase-1^−/−^* macrophages contained similar numbers of bacteria at 17 h after infection (unpublished data), indicating that decreased IL-1β secretion was not linked to reduced bacterial replication. To gain insight into why NLRC4-deficient mice can clear an *Stm* infection as effectively as WT mice, we decided to focus on the identification of the NLRs that are engaged by *Stm* in a SPI-1--independent manner and on how these NLRs are activated.

![**NLRP3 and NLRC4 recognize distinct *Stm* signals.** BM-derived macrophages (BMDMs) of the genotypes indicated were infected with WT *Stm* for 17 h. Secretion of IL-1β (A) or the processed p10 caspase-1 subunit (B) into the culture supernatant was determined by ELISA and Western blotting, respectively. Equal loading was controlled for by Western blotting for β-actin in the corresponding cell lysates. Gray, white, and black bars in A represent BMDMs infected with WT *Stm*, a SPI-2 mutant, or a flagellin-deficient strain for 17 h, respectively. Data in A are representative of at least five independent experiments. Data in B are representative of at least two independent experiments. Error bars represent the mean SD of triplicate wells. Black lines indicate that intervening lanes were spliced out.](JEM_20100257_GS_Fig1){#fig1}

To identify the NLRs engaged by intracellular *Stm* upstream of caspase-1 activation, we first infected macrophages from WT, caspase-1--, NLRP3-, and NLRC4-deficient mice with WT *Stm*. Both *nlrc4^−/−^* and *nlrp3^−/−^* macrophages processed caspase-1 less efficiently than WT macrophages ([Fig. 1 B](#fig1){ref-type="fig"}, top), resulting in decreased IL-1β secretion ([Fig. 1 A](#fig1){ref-type="fig"}, gray bars; and Fig. S1 D). These data suggest that WT *Stm* engages NLRP3 in addition to NLRC4. Consistent with this notion, infected macrophages deficient in both NLRP3 and NLRC4 neither processed caspase-1 nor released IL-1β ([Fig. 1, A and B](#fig1){ref-type="fig"}). IL-18 secretion, like IL-1β secretion, was reduced in both *nlrp3^−/−^* and *nlrc4^−/−^* macrophages and completely abolished in macrophages lacking both NLRP3 and NLRC4 (Fig. S1 E). In addition, the macrophages released comparable levels of TNF in response to *Stm* infections ([Fig. S2 A](http://www.jem.org/cgi/content/full/jem.20100257/DC1)) and responded normally to infections with *Francisella novicida*, which has been previously shown to activate the inflammasome independently of NLRP3 and NLRC4, but dependent on ASC (Fig. S2 B). We conclude that NLRP3 and NLRC4 each contribute to caspase-1 activation in response to intracellular *Stm* and that no additional NLRs are necessary.

NLRP3 and NLRC4 recognize distinct *Stm* signals
------------------------------------------------

To determine if the SPI-2 T3SS is involved in triggering caspase-1 activation at 17 h after infection, we infected macrophages with isogenic ΔSPI-2 mutant *Stm*. WT macrophages infected with ΔSPI-2 *Stm* released IL-1β, albeit significantly less than cells infected with WT *Stm* ([Fig. 1 A](#fig1){ref-type="fig"}, compare gray and white bars), indicating that SPI-1--independent inflammasome activation by intracellular *Stm* involves both SPI-2--dependent and SPI-2--independent mechanisms.

To determine whether NLRP3 and/or NLRC4 acts downstream of the SPI-2--dependent *Stm* signal, we compared WT, *nlrc4^−/−^*, and *nlrp3^−/−^* macrophages infected with ΔSPI-2 *Stm* ([Fig. 1, A and B](#fig1){ref-type="fig"}). Unlike their WT counterparts, *nlrp3^−/−^* macrophages did not process caspase-1 ([Fig. 1 B](#fig1){ref-type="fig"}) and release IL-1β ([Fig. 1 A](#fig1){ref-type="fig"}) when infected with ΔSPI-2 *Stm*. Because *nlrp3^−/−^* macrophages can only activate NLRC4 in response to *Stm*, these results indicate that NLRC4 is normally engaged by the SPI-2--dependent *Stm* signal. In contrast to *nlrp3^−/−^* macrophages, *nlrc4^−/−^* macrophages secreted similar amounts of IL-1β compared with WT macrophages when infected with ΔSPI-2 *Stm*, indicating that NLRP3 mediates caspase-1 activation in response to the SPI-2--independent *Stm* signal. In sum, NLRP3 and NLRC4 respond to distinct *Stm* signals.

To determine whether flagellin, which is one known substrate for NLRC4, is injected into the cytosol by the SPI-2 T3SS during *Stm* infections, we also compared the response of WT, *nlrc4^−/−^*, *nlrp3^−/−^*, and *caspase-1^−/−^* macrophages to an *Stm* strain lacking the flagellin genes (*Δfla*; [Fig. 1, A and B](#fig1){ref-type="fig"}). Similarly to *nlrp3^−/−^* macrophages infected with ΔSPI-2 *Stm*, *nlrp3^−/−^* macrophages infected with *Δfla Stm* did not process caspase-1 or release IL-1β, suggesting that flagellin is indeed injected by the SPI-2 T3SS during *Stm* infections and recognized by NLRC4. Consistent with these results, WT and *nlrc4^−/−^* macrophages infected with *Δfla Stm* processed comparable levels of caspase-1 ([Fig. 1 B](#fig1){ref-type="fig"}) and released similar amounts of IL-1β ([Fig. 1 A](#fig1){ref-type="fig"}). Surprisingly, WT macrophages infected with *Δfla Stm* released approximately twofold more IL-1β than WT cells infected with ΔSPI-2 *Stm* ([Fig. 1 A](#fig1){ref-type="fig"}). We attribute this difference in IL-1β secretion to SPI-2 being necessary for bacterial replication in macrophages ([@bib3]), whereas WT and *Δfla Stm* replicate to similar numbers (unpublished data).

ASC is critical for *Stm*-induced IL-1β secretion
-------------------------------------------------

Caspase-1 activation by most NLRs requires ASC, an adapter protein which is believed to bridge NLRs and caspase-1. *asc^−/−^* macrophages infected with WT *Stm* released significantly less IL-1β than WT macrophages but slightly more than *caspase-1^−/−^* macrophages ([Fig. 2 A](#fig2){ref-type="fig"}). Consistent with these data, we detected extremely weak processing of caspase-1 in infected *asc^−/−^* macrophages ([Fig. 2 B](#fig2){ref-type="fig"}). These results indicate a critical role for ASC in *Stm*-induced caspase-1 activation. In addition, our data suggest that a minor ASC-independent signaling pathway might also be triggered. NLRP3 contains a Pyrin domain, which is thought to engage the Pyrin domain of ASC, leaving the caspase activation and recruitment domain (CARD) of ASC to interact with the CARD-containing prodomain of caspase-1. NLRC4, however, has a CARD rather than a Pyrin domain and, interestingly, this can interact directly with the caspase-1 CARD in overexpression studies ([@bib38]). We found that macrophages lacking both ASC and NLRC4, like *caspase-1^−/−^* macrophages, did not release IL-1β after infection with *Stm* ([Fig. 2 C](#fig2){ref-type="fig"}). This finding indicates that NLRP3 cannot activate caspase-1 in the absence of ASC but NLRC4 can. However, ASC likely enhances caspase-1 activation by NLRC4 because *nlrp3^−/−^* and *asc^−/−^* macrophages, which both express NLRC4, secrete different amounts of IL-1β during infection with *Stm* ([Fig. 2 C](#fig2){ref-type="fig"}). Specifically, *asc^−/−^* macrophages secrete approximately fivefold less IL-1β than *nlrp3^−/−^* macrophages.

![**ASC is critical for *Stm*-induced IL-1β secretion.** BMDMs of the genotypes indicated were infected with WT *Stm* for 17 h. Secretion of IL-1β (A and C) or the processed p10 caspase-1 subunit (B) into the culture supernatant was determined by ELISA and Western blotting, respectively. White bars in C represent BMDMs infected with SPI-2 mutant *Stm* for 17 h. Equal loading was controlled for by Western blotting for β-actin in the corresponding cell lysates. Data in A and C are representative of five independent experiments. The Western blot in B is representative of three independent experiments. Error bars represent the mean SD of triplicate wells, Statistical significance was determined using the unpaired Mann-Whitney *U* test. \*, P \< 0.05.](JEM_20100257_GS_Fig2){#fig2}

ASC relocalizes in macrophages infected with *Stm*
--------------------------------------------------

ASC overexpressed in THP-1 cells was shown to form large structures, designated pyroptosomes, when the cells were treated with LPS and ATP or transfected with RNA ([@bib13]; [@bib5]). We investigated whether ASC might form similar structures in primary macrophages infected with *Stm*. Immunofluorescence microscopy of uninfected WT macrophages revealed endogenous ASC in the nucleus and the cytoplasm, which is in agreement with previously published results ([Fig. 3 A](#fig3){ref-type="fig"}; [@bib5]). This staining was specific for ASC because the antibody did not stain *asc^−/−^* macrophages. Macrophages infected with *Stm* for 17 h exhibited markedly less ASC in the nucleus. Instead, between 8 and 10% of infected cells contained a single cytoplasmic focus of ASC ([Fig. 3 B](#fig3){ref-type="fig"}; [Fig. 4 A](#fig4){ref-type="fig"}; and [Fig. S3 C](http://www.jem.org/cgi/content/full/jem.20100257/DC1)). These ASC foci also formed within 1 and 2 h after infection during SPI-1--dependent caspase-1 activation (Fig. S3 A). Surprisingly, a large number of cells, up to 40%, formed ASC foci in response to SPI-1 expressing *Stm* (Fig. S3, B and C). To determine whether ASC focus formation was specific to *Salmonella* infections, we also stained macrophages infected with *F. novicida*, an intracellular pathogen which triggers ASC-dependent, but NLRP3- and NLRC4-independent, activation of caspase-1 ([@bib18]). WT macrophages infected with *F. novicida* formed ASC foci similar to those observed in *Stm*-infected macrophages ([Fig. S4](http://www.jem.org/cgi/content/full/jem.20100257/DC1)), showing that ASC relocalization is common to infections with at least two different intracellular pathogens.

![**ASC relocalizes in macrophages infected with *Stm*.** Fluorescence microscopy of WT and *asc^−/−^* BMDMs not infected (A) or infected with WT *Stm* for 17 h (B). Cells were stained for ASC, *Stm*, actin (with phalloidin), and DNA (with DAPI). The arrowhead points to an ASC focus. Images in A and B are representative of three independent experiments (original magnification, 63×). Bars, 10 µm.](JEM_20100257_RGB_Fig3){#fig3}

![**ASC focus formation requires NLRP3 and NLRC4 and correlates with IL-1β release.** (A) Percentage of BMDMs of the genotypes indicated forming ASC foci after infection with WT and *Δfla Stm* for 17 h. Numbers represent two independent fluorescence microscopy experiments, with at least 500 cells counted in each experiment. (B) Time course of ASC focus formation and IL-1β release in WT BMDMs infected with WT *Stm*. The percentage of macrophages containing an ASC focus (gray line) was determined by fluorescence microscopy. IL-1β released into the culture supernatant (black line) was determined by ELISA. Data in B are representative of two independent experiments. Error bars represent the mean SD of triplicate wells.](JEM_20100257_GS_Fig4){#fig4}

ASC focus formation requires the NLRs NLRP3 and NLRC4
-----------------------------------------------------

To assess the contribution of NLRs to the formation of ASC foci, we compared ASC focus formation in *Stm*-infected WT, *nlrc4^−/−^*, *nlrp3^−/−^*, *nlrp3^−/−^nlrc4^−/−^*, and *caspase-1^−/−^* macrophages. Significantly fewer ASC foci formed in *nlrp3^−/−^* and *nlrc4^−/−^* macrophages when compared with WT macrophages, and no ASC foci were detected in *nlrc4^−/−^nlrp3^−/−^* macrophages ([Fig. 4 A](#fig4){ref-type="fig"}). Therefore, NLRC4 and NLRP3 are essential for ASC focus formation during *Stm* infection. Furthermore, the incidence of ASC foci correlated with the amount of mature IL-1β and IL-18 released, supporting our contention that ASC focus formation is linked to IL-1β and IL-18 processing by caspase-1 ([Fig. 1 B](#fig1){ref-type="fig"} and Fig. S1 E). Importantly, even though one NLR was absent in *nlrp3^−/−^* or *nlrc4^−/−^* macrophages, the ASC foci that formed were a similar size to those in WT macrophages.

We also examined ASC focus formation in macrophages infected with *Δfla Stm* ([Fig. 4 A](#fig4){ref-type="fig"}, white bars). *nlrp3^−/−^* macrophages infected with *Δfla Stm* did not form any ASC foci, which is consistent with their inability to secrete IL-1β ([Fig. 1 A](#fig1){ref-type="fig"}) as a result of the absence of flagellin to engage NLRC4. In macrophages infected with SPI-1 expressing *Stm* ([Fig. S5 A](http://www.jem.org/cgi/content/full/jem.20100257/DC1)), NLRC4 was essential for ASC focus formation but NLRP3 was dispensable, which is consistent with NLRC4 sensing the SPI-1--dependent translocation of flagellin and activating caspase-1 ([@bib16]; [@bib34]; Fig. S1 A).

Next, we determined the kinetics of ASC focus formation in macrophages infected with *Stm* not expressing SPI-1. In this context, the first ASC foci were detected between 8 and 10 h after infection ([Fig. 4 B](#fig4){ref-type="fig"}), which correlated with IL-1β release. These results suggest that IL-1β processing and release are dependent on ASC focus formation.

Caspase-1 is activated in ASC foci
----------------------------------

IL-1β processing and release require caspase-1 ([@bib11]), so we determined whether caspase-1 colocalized with ASC in *Stm*-infected WT macrophages ([Fig. 5 A](#fig5){ref-type="fig"}). We found that ∼80% of ASC foci stained with an antibody recognizing both pro--caspase-1 and cleaved caspase-1, and ∼10% of ASC foci contained active caspase-1 based on labeling with the fluorescent caspase-1 probe FAM-YVAD-FMK, which binds specifically and irreversibly to the active site of processed caspase-1 ([Fig. 5 B](#fig5){ref-type="fig"}). Surprisingly, ASC focus formation was independent of caspase-1 because foci were observed at normal frequency in *caspase-1^−/−^* macrophages infected with *Stm* ([Fig. 4 A](#fig4){ref-type="fig"} and [Fig. 5 B](#fig5){ref-type="fig"}). Comparable results were obtained at earlier time points with SPI-1--expressing Stm, although a much higher percentage of ASC foci costained with the active caspase-1 probe FAM-YVAD-FMK (Fig. S5 A).

![**Caspase-1 is activated in ASC foci.** (A) Fluorescence microscopy of WT, *asc^−/−^*, and *caspase-1^−/−^* BMDMs infected with WT *Stm* for 17 h, stained for active caspase-1 (with FAM-YVAD-FMK), caspase-1, ASC, and DNA (with DAPI). Images are representative of three independent experiments. (B) Percentage of infected cells from A containing foci of ASC, caspase-1, and active caspase-1. Quantification represents mean numbers from three independent experiments, with at least 500 cells counted in each experiment. Images in A were acquired at 63× magnification. Cell counts in B were determined at 40× magnification. Error bars represent the mean SD of triplicate experiments. Bars, 10 µm.](JEM_20100257_RGB_Fig5){#fig5}

Pro--IL-1β localizes to ASC foci in a caspase-1--dependent manner
-----------------------------------------------------------------

Collectively, our data suggest that the cytoplasmic ASC/caspase-1 focus in an *Stm*-infected cell may be the site of IL-1β processing. When we stained macrophages infected with WT *Stm* with an anti--pro--IL-1β antibody, most of the pro--IL-1β was diffuse in the cytoplasm, but about one-third of ASC foci also stained faintly for pro--IL-1β ([Fig. 6 A](#fig6){ref-type="fig"}, arrowhead). Faint staining might reflect rapid turnover of IL-1β. Indeed, the percentage of ASC foci containing detectable pro--IL-1β increased to 80% when we treated cells with the caspase-1 inhibitor Z-YVAD-FMK ([Fig. 6, B and C](#fig6){ref-type="fig"}). Foci also stained more brightly for pro--IL-1β. We obtained similar results during SPI-1--dependent ASC focus formation (Fig. S5, B and C). Caspase-1 was essential for recruitment of pro--IL-1β to the ASC foci because pro--IL-1β remained diffuse in the cytoplasm of *Stm*-infected *caspase-1^−/−^* macrophages.

![**Pro--IL-1β localizes to ASC foci in a caspase-1--dependent manner.** (A) Fluorescence microscopy of WT BMDMs infected with WT *Stm* for 17 h and then stained for DNA (with DAPI), pro--IL-1β, caspase-1, and ASC. The top row shows a cell with weak pro--IL-1β staining of an ASC focus (arrowhead), whereas the bottom row shows a cell with an ASC- and caspase-1--containing focus that is negative for pro--IL-1β. (B) WT and *caspase-1^−/−^* BMDMs infected with WT *Stm* for 17 h were stained for DNA (with DAPI), pro--IL-1β, caspase-1, and ASC. Where indicated, WT BMDMs were infected in the presence of the caspase-1 inhibitor Z-YVAD-FMK or DMSO (vehicle control). An arrow points to an ASC focus staining strongly for pro--IL-1β. An arrowhead marks an ASC focus with a faint pro-IL-1β signal. (C) Percentage of ASC foci in B costaining for pro--IL-1β. Images and numbers are a representative of three independent experiments with a mean of 50 ASC foci counted in each experiment. Error bars represent the mean SD of triplicate experiments. The antibody used for pro--IL-1β immunofluorescence is a polyclonal antibody recognizing both the uncleaved and mature forms of IL-1β. Images and cell counts were acquired at 63× magnification. Bars, 10 µm.](JEM_20100257_RGB_Fig6){#fig6}

Redundant roles for NLRP3 and NLRC4 in caspase-1 activation during *Stm* infection in mice
------------------------------------------------------------------------------------------

Caspase-1, IL-1β, and IL-18 are critical for innate immune defense against *Stm* in mice, whereas NLRC4 and also NLRP3 appear to be dispensable in vivo ([@bib26]). Given that both NLRP3 and NLRC4 activate caspase-1 in response to intracellular *Stm* in cultured macrophages ([Fig. 1](#fig1){ref-type="fig"}), we determined whether mice lacking both NLRs mount an effective immune response against *Stm*. WT, *caspase-1^−/−^*, and *nlrp3^−/−^nlrc4^−/−^* mice were challenged orally with 2.4 × 10^7^ CFU of WT *Stm*. At 5 d after infection, *caspase-1*^−/−^ and *nlrp3^−/−^nlrc4^−/−^* mice both had significantly more bacteria in their mesenteric lymph nodes, spleens, and livers when compared with WT mice ([Fig. 7 A](#fig7){ref-type="fig"}). In addition, bacterial clearance in *nlrp3^−/−^nlrc4^−/−^* and *caspase-1*^−/−^ mice was compromised to a similar extent. In agreement with [@bib26], mice lacking only NLRC4 or NLRP3 had similar bacterial loads to WT mice ([Fig. S6, A and B](http://www.jem.org/cgi/content/full/jem.20100257/DC1)). Unlike WT mice, which contained detectable IL-18 in their sera, IL-18 was not detected in *caspase-1*^−/−^ and *nlrp3^−/−^nlrc4^−/−^* mice ([Fig. 7 A](#fig7){ref-type="fig"}), whereas *nlrc4^−/−^* and *nlrp3^−/−^* mice had similar IL-18 levels to those of WT animals (Fig. S6, A and B). WT levels of IL-1β were below the limit of detection at this time point (unpublished data). Interestingly, mice lacking ASC had similar bacterial burden compared with WT mice (Fig. S6 C; [@bib26]) when infected with WT *Stm* but showed reduced serum IL-18 levels. These data show that NLRP3 and NLRC4 are redundant for caspase-1 activation in mice infected with *Stm* and that the loss of both NLRs mimics loss of caspase-1, leading to a severely impaired innate immune response.

![**Redundant roles for NLRP3 and NLRC4 in caspase-1 activation during *Stm* infection in mice.** (A) WT, isogenic *caspase-1^−/−^*, and *nlrp3^−/−^nlrc4^−/−^* mice were orally infected with 2.4 × 10^7^ CFU of WT *Stm*. Liver, spleen, and mesenteric lymph nodes were collected at day 5 after infection. Organ homogenates were diluted and plated to determine cfu per gram of tissue. Bars represent the mean bacterial load. Blood was collected at day 4 after infection and serum IL-18 was determined by ELISA. Data represent the mean ± SD of six to eight mice of each genotype. Results are representative of two independent experiments, each done with groups of six to eight mice of each genotype. Statistical significance was determined using the unpaired Mann-Whitney *U* test. \*, P \< 0.05. Dashed lines represent the detection limit of the CFU counts or IL-18 ELISA, respectively. (B) The role of the ASC focus in *Stm*-induced cytokine processing in vitro. Intracellular *Stm* activate NLRP3 and NLRC4. NLRC4 responds to flagellin injected by the SPI-2 T3SS, whereas NLRP3 responds to an undefined T3SS-independent signal. Both receptors induce the assembly of inflammasomes that can process pro--IL-1β and pro--IL-18 to their mature forms. NLRP3 inflammasome assembly is completely dependent on ASC, whereas NLRC4 may assemble an inflammasome without ASC. We speculate that ASC then promotes inflammasome aggregation into a single subcellular focus. This ASC focus likely mediates the bulk of cytokine processing and might serve to increase cytokine production in response to continuous stimulation of NLRs. SCV, *Salmonella*-containing vacuole; casp-1, caspase-1.](JEM_20100257_RGB_Fig7){#fig7}

DISCUSSION
==========

The mammalian genome encodes many NLRs, each with the potential to respond independently to a multitude of signals generated during exposure to a pathogen. Previous in vitro studies with *Stm* expressing the SPI-1 T3SS revealed rapid NLRC4-dependent caspase-1 activation ([@bib29]), so it was surprising that NLRC4 was dispensable for caspase-1--dependent *Stm* clearance in mice ([@bib26]; [@bib39]). Because SPI-1 is down-regulated after the initial phase of an infection, we investigated NLR involvement in SPI-1--independent caspase-1 activation by *Stm.* By infecting macrophages from different gene-targeted mouse strains, we found that two NLRs, NLRP3 and NLRC4, activate caspase-1 in response to *Stm*. Infections with mutant strains of *Stm* revealed that flagellin secreted by the SPI-2 T3SS engages NLRC4, whereas NLRP3 responds to a yet-to-be-defined T3SS-independent signal ([Fig. 1](#fig1){ref-type="fig"}). The ability of NLRP3 and NLRC4 to be engaged by distinct signals likely explains why loss of either gene alone does not compromise *Stm* clearance in mice ([@bib26]), but loss of both genes renders mice as susceptible to infection as *caspase-1^−/−^* mice ([Fig. 7 A](#fig7){ref-type="fig"}).

The bipartite adapter protein ASC is a critical inflammasome component because it can bridge NLRs and caspase-1 via its Pyrin and CARD domains ([@bib32]). In the context of *Stm* infections, ASC was crucial for NLRP3 to activate caspase-1. NLRC4, however, appeared able to activate caspase-1 independently of ASC, albeit poorly ([Fig. 2](#fig2){ref-type="fig"}). It is worth noting that ASC increased the efficiency of pro--IL-1β processing by the NLRC4-containing inflammasome about fivefold.

To visualize inflammasome assembly in response to *Stm* infection directly, we used immunofluorescence microscopy analysis of macrophages stained for ASC, caspase-1, and IL-1β. Endogenous ASC was predominantly nuclear in uninfected cells. Infection caused ASC to relocalize into a single cytoplasmic focus ([Fig. 3](#fig3){ref-type="fig"}). This dramatic redistribution of ASC within the cell was also observed during infections with *F. novicida*, so it will be interesting to see if the same phenomenon is observed with all stimuli that activate caspase-1. Specks of active caspase-1 were reported in macrophages stimulated with *Yersinia pseudotuberculosis* and Anthrax toxin ([@bib15]), but ASC itself was not examined.

ASC focus formation in the cytoplasm of an *Stm*-infected macrophage was dependent on the presence of either NLRC4 or NLRP3. In WT macrophages, it is unclear whether NLRC4 and NLRP3 are found together in the one focus or if the first NLR that is engaged is sufficient to drive ASC focus formation. Unfortunately, detection of endogenous NLRC4 and NLRP3 has proven difficult with the antibodies that we have generated (unpublished data). A recent study showed that aggregation of YFP-tagged ASC in HeLa cells was a rapid all-or-none reaction, making it highly unlikely that a second focus would form in the same cell ([@bib7]), but the relevance of these observations to endogenous ASC in immune cells is unclear.

The first hint that these ASC foci might represent sites of IL-1β and IL-18 processing was the correlation between the percentage of macrophages containing an ASC focus and the amount of IL-1β and IL-18 secreted into the culture supernatant. Immunofluorescence microscopy confirmed that pro--caspase-1 is recruited to and activated within ASC foci ([Fig. 5](#fig5){ref-type="fig"}). Although caspase-1 was dispensable for ASC focus formation, it was essential for the recruitment of pro--IL-1β. Inhibition of caspase-1 proteolytic activity caused pro--IL-1β to accumulate in the ASC focus, suggesting that the mature cytokine is released rapidly ([Fig. 6](#fig6){ref-type="fig"}). How IL-1β and IL-18 then exit the cell is poorly understood. We speculate that the relocation of inflammasome components into one focus could serve to integrate signals originating from different NLRs and/or enhance inflammasome-mediated cytokine processing ([Fig. 7 B](#fig7){ref-type="fig"}). Future studies will address the kinetics of focus formation in primary macrophages and its exact molecular architecture.

To our knowledge, our paper is the first to describe the redundancy of inflammasome receptors in vivo during microbial infections. Previous studies have described other pathogens, such as *L. monocytogenes* and *L. pneumophila*, to also activate multiple receptors in cultured macrophages ([@bib6]; [@bib46]). Interestingly, the response to *L. pneumophila* in vivo was dependent on NLRC4 only. NLRC4-deficient mice showed increased bacterial loads and lower IL-18 levels in the lung compared with WT animals ([@bib6]). They also reported an intriguing phenotype for ASC-deficient mice, which had comparable bacterial loads to WT animals but had lower serum IL-18 levels when infected with *L. pneumophila*. This is similar to the phenotype we have observed with asc^−/−^ mice during *Stm* infections (Fig. S6 C). Therefore, we speculate that ASC plays a role in vivo in the maturation of cytokines, whereas it is not essential for restricting bacterial growth. In addition, this implies that additional ASC-independent pathways could be involved in activating caspase-1 in response to NLRC4 and NLRP3 activation during infections in mice.

Finally, we propose that the redundant roles of NLRC4 and NLRP3 in *Stm* recognition evolved to allow the host to respond to changes in pathogen-associated molecules. For instance, *Stm* down-regulates flagellin expression during the systemic phase of an infection ([@bib8]), perhaps driving the need for NLRP3-mediated pathogen sensing, which is independent of bacterial flagellin. Because we show that NLRP3 is required to respond to *Stm* lacking a T3SS and these T3SS mutant bacteria do not replicate intracellularly ([@bib3]), NLRP3 may detect quiescent persistent pathogens. *Stm* and other pathogens, such as *Mycobacterium tuberculosis*, can produce chronic infections, but so far nothing is known about the role of the innate immune system during this process. Interestingly, NLRP3 has been shown to be essential for *Mycobacterium marinum*--mediated inflammasome activation in cultured macrophages ([@bib25]). Our study shows that mice lacking multiple NLRs will be useful tools for understanding the role of NLRs in defense against acute and persistent microbial infections.

MATERIALS AND METHODS
=====================

### Bacterial strains.

Bacterial strains include WT *Stm* SL1344 and the following *Stm* mutants: ΔSPI-1 (*orgA::Tet*), ΔSPI-2 (*ssaV::Kan*), ΔSPI-1ΔSPI-2 (*orgA::Tet*, *ssaV::Kan*), *Δfla* (*fljAB::Kan*, *fliC::Cm*), and ΔSPI-1*Δfla* (*orgA::Tet*, *fljAB::Kan*, *fliC::Cm*). WT *Francisella tularensis* subspecies *novicida* U112 was used in this study.

### Mice.

Mice lacking NLRP3, NLRC4, caspase-1, or ASC have been previously described ([@bib29], [@bib30]). *nlrp3^−/−^nlrc4^−/−^* mice were generated by crossing the aforementioned strains. All mouse studies were approved by the institutional animal care and use committees of Genentech Inc. and Stanford University.

### Animal infections.

For *Stm* infection, mice were starved for 12 h and then fed 2.4 × 10^7^ WT *Stm* SL1344 in PBS. Infected mice were supplied with food and water ad libitum. Mesenteric lymph nodes, spleen, and liver were harvested at day 5 after infection and homogenized in PBS. Dilutions were plated on LB plates containing 100 µg/ml of Streptomycin. Colonies were counted and the CFU/gram of organ was determined. Serum cytokine levels were determined at day 3 after infection.

### Cell culture and infections.

BMDMs were differentiated in DME (Invitrogen) with 10% vol/vol FCS (Thermo Fisher Scientific), 10% MCSF (L929 cell supernatant), 10 mM Hepes (Invitrogen), and nonessential aminoacids (Invitrogen). 1 d before infection, macrophages were seeded into 6-, 24-, or 96-well plates at a density of 1.25 × 10^6^, 2.5 × 10^5^, or 5 × 10^4^ per well.

For infections with *Stm* not expressing the SPI-1 T3SS, *Stm* was grown overnight in LB at 37°C with aeration. The bacteria were diluted in fresh prewarmed macrophage medium and added to the macrophages at an MOI of 25:1. The plates were centrifuged for 15 min at 500 *g*, to ensure comparable adhesion of the bacteria to the cells, and placed at 37°C for 30 min. Next, 100 µg/ml gentamycin (Sigma-Aldrich) was added to kill extracellular bacteria in the cultures. After a 90-min incubation, the cells were washed once with DME and given fresh macrophage medium containing 10 µg/ml gentamycin.

Infections with *Stm* expressing the SPI-1 T3SS were performed as in the previous paragraph, with the following changes: macrophages were cultured for 16 h with 0.1 µg/ml LPS for LPS (Sigma-Aldrich) before infection. To induce SPI-1 expression, *Stm* were diluted at 1:50 into fresh LB and grown for 3--4 h at 37°C before the infection.

Macrophages infected with *Francisella tularensis* subspecies *novicida* were also cultured for 16 h with 0.1 µg/ml LPS (Sigma-Aldrich) before infection. *F. novicida* were grown overnight at 37°C in tryptic soy broth and macrophages were infected at a MOI of 100:1.

### Cytokine measurement.

IL-1β, TNF (R&D systems), and IL-18 (MBL international) were measured by ELISA.

### Western blotting.

The caspase-1 p10 subunit and processed IL-1β released into the culture supernatant was determined by Western blotting. Macrophages were washed with plain prewarmed DME lacking serum and phenol red at 8 h after infection. The cells were then cultured in this DME lacking serum and phenol red until 17 h after infection. The supernatant was collected and precipitated with 10% TCA (vol/vol) for 1 h on ice. Precipitated proteins were pelleted at 20,000 *g* for 30 min at 4°C, washed with ice-cold acetone, air-dried, resuspended in SDS-PAGE sample buffer, and heated to 95°C for 10 min. Protein from 2.5 × 10^6^ macrophages was loaded per well of a 14% acrylamide gel. Western blots were performed with rabbit anti--mouse caspase-1 antibody (sc514; Santa Cruz Biotechnology, Inc.) diluted 1:200 and goat anti--mouse IL-1β antibody (AF-401-NA; R&D Systems) diluted 1:1,000. Cell lysates were probed with anti--β-actin antibodies (Santa Cruz Biotechnology, Inc.).

### Statistical analysis.

Statistical data analysis was done using Prism 5.0a (GraphPad Software, Inc.). Statistical significance was determined by the Mann-Whitney *U* test.

### Immunofluorescence.

Macrophages were seeded onto glass coverslips in 24-well plates at a density of 1.25 × 10^5^ per well and infected as described above. Infected cells were washed twice with PBS and fixed for 15 min at 37°C with 4% (vol/vol) paraformaldehyde in PBS. Cells were washed three times with PBS and incubated with primary antibodies for 30 min in blocking buffer (3% BSA and 0.1% Saponin in PBS). Primary antibodies were rat anti--mouse ASC (clone 8E4; Genentech) diluted 1:1,000, rabbit anti--mouse caspase-1 antibody (sc514, Santa Cruz Biotechnology, Inc.) diluted 1:100, and goat anti--mouse IL-1β (AF-401-NA; R&D Systems) diluted 1:100. Cells were washed with PBS three times and incubated with Alexa Fluor--coupled secondary antibodies (1:250; Invitrogen) for 30 min. Cells were washed four times with PBS, stained with DAPI, and imaged with a confocal microscope (LSM700; Carl Zeiss, Inc.). For FAM-YVAD-FMK stainings (FLICA; ImmunoChemistry Technologies), the medium was removed 1 h before the collection time point and replaced with fresh DME containing 5 µM FLICA. For caspase-1 inhibitor treatments, the macrophages were cultured in 20 µM Z-YVAD-FMK in DMSO (EMD) or DMSO throughout the infection.

### Online supplemental material.

Fig. S1 shows SPI-1--dependent and --independent inflammasome activation. Fig. S2 shows that macrophages release comparable levels of TNF when infected with *Stm* and respond normally to *F. novicida* infections. Fig. S3 shows that ASC foci are formed during Stm SPI-1--mediated inflammasome activation. Fig. S4 shows that ASC foci are also formed during *F. novicida*--mediated inflammasome activation. Fig. S5 shows characterization of ASC foci formed during SPI-1--mediated inflammasome activation. Fig. S6 shows infections of WT mice and single deficiencies in NLRC4, NLRP3, and ASC with *Stm.* Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20100257/DC1>.
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